Abstract. Hypertension is one of the most common complications following renal transplantation, and it increases the risk of graft loss and other cardiovascular diseases. Previous studies have revealed that the use of angiotensin II (Ang II) blockers for preventing and treating hypertension is closely associated with higher survival following renal transplantation. However, the cellular and molecular mechanisms by which the vascular contractility of the recipient is altered in response to Ang II following renal transplantation have not been fully elucidated. In the present study, using the Fisher-Lewis rat kidney transplantation model, the blood pressure (BP) of the conscious transplant recipient was measured following the intravenous administration of Ang II. In addition, the mechanisms underlying the Ang II-mediated vascular contractility via the type 1 and type 2 Ang II receptors (AT 1 R and AT 2 R, respectively) in large and small-resistance blood vessels were determined in the recipient after renal transplantation. The results showed that renal transplantation significantly increased the Ang II-stimulated BP of the rats. Additionally, ex vivo contractility experiments using aorta and mesenteric arteries revealed that the contractions induced by Ang II were significantly strengthened in the recipient following renal transplantation, and were associated with an increased intracellular Ca 2+ concentration. Losartan almost eradicated the Ang II-induced contractions whereas PD-123319 had no apparent effects on the Ang II-induced contractions in the aorta and mesenteric arteries of the recipient. Furthermore, the expression levels of AT 1 R but not AT 2 R were significantly increased in the vasculature of the recipient following renal transplantation, which exhibited a close association with selective DNA demethylation detected in the promoter region of the vascular AT 1a R gene. These results indicate that changes of recipient vascular AT 1 R gene expression, occurring through a mechanism involving DNA methylation, increase the vascular contractility in response to Ang II. This may lead to the increased risk of hypertension following renal transplantation.
Introduction
Renal transplantation has distinct advantages over other medical interventions for end-stage kidney diseases in improving survival and the quality of life (1) . Owing to the development of effective antimicrobial prophylactics for periand post-operative care, the early diagnosis of post-operative complications, and potent immunosuppressants for reducing acute rejection, short-term transplant results are now excellent with a steady increase in patient and graft survival (2) . However, due to patients with a functioning graft succumbing due to a range of etiologies, including cardiovascular diseases and malignancies, the long-term outcomes of renal transplantation remain a critical concern (3, 4) . Notably, hypertension is one of the most common and serious complications following renal transplantation, and is an important risk factor for graft loss and other disorders (5, 6) . In particular, increased stiffness and altered contractility of blood vessels are observed following renal transplantation, and may contribute to the pathogenesis of abnormal blood pressure (BP) (7, 8) . It is generally considered that the renin-angiotensin system (RAS) serves systemic endocrine or local paracrine/autocrine functions, eliciting either beneficial or detrimental effects on cardiovascular homeostasis (9, 10) . Angiotensin II (Ang II), as the essential bioactive peptide of the RAS, exerts crucial roles in the regulation of the cardiovascular system, particularly BP, and in the pathogenesis of cardiovascular diseases such as hypertension (11) . The majority of the physiological and pathological roles of Ang II in the control of vascular contractility are largely mediated via its interaction with two G-protein coupled receptors known as the type 1 and type 2 Ang II receptors (AT 1 R and AT 2 R, respectively) (12 binds to AT 1 R to activate the contraction of smooth muscle cells and maintain the vascular tone (13) . In the pathogenesis of cardiovascular diseases such as hypertension, Ang II binds to AT 1 R and AT 2 R in smooth muscle cells and endothelial cells, which increases the contractility and phenotype/morphology of the vasculature and eventually leads to BP elevation (14) . A previous study revealed that the contractility of blood vessels in response to Ang II was markedly increased in the recipient following renal transplantation (15) . Notably, clinical research has demonstrated that therapies using Ang II blockers for the prevention and treatment of hypertension are closely associated with higher survival following renal transplantation (16, 17) . However, whether and to what extent the cellular and molecular mechanisms underlying Ang II-induced vascular contractility are changed following renal transplantation have not yet been fully elucidated. Notably, emerging studies have revealed that epigenetic mechanisms, which are biological processes that cause heritable changes in gene expression without altering the DNA sequence, exert essential effects on the clinical outcomes following renal transplantation (18) . These epigenetic changes include non-coding RNA, DNA methylation and post-translational histone modifications (19) . Typical epigenetic alterations in the pathogenesis of certain disorders following renal transplantation have been investigated (20) . It has been suggested that the epigenome of the donor may influence kidney graft survival, particularly when the epigenetic modifications are associated with early stresses and donor aging (21) . In clinical applications, certain epigenetic modifications associated with the processes of ischemia-reperfusion injury, host immune responses to graft and graft responses to injury have been tentatively suggested to serve as potential tools for evaluating graft function, and as new therapeutic targets for improving outcomes following renal transplantation (22) (23) (24) . However, whether the altered Ang II-induced vascular contractility following renal transplantation is associated with epigenetic changes of the AT 1 R and AT 2 R genes is unclear.
In humans, factors including uremia, pre-existing vascular diseases, volume load, abnormal calcium phosphate metabolism, and the limitations of examination methods interfere with the study of the explicit effects of renal transplantation on recipient cardiovascular functions (25) . However, experimental animal models may effectively exclude the aforementioned obstacles (26) . Thus, in the present study, an experimental Fisher-Lewis rat renal transplantation model was used. The changes of BP in the conscious state and the vascular contractility of large and small blood vessels in response to Ang II of the recipient animal following renal transplantation were investigated. Additionally, the mechanism by which Ang II modulates vascular contractility via the activation of AT 1 R and AT 2 R in the recipient was determined following renal transplantation. Furthermore, alterations in the patterns of DNA methylation were investigated, so as to elucidate the effects of renal transplantation on the epigenetic modifications affecting gene expression at the transcriptional level. Accordingly, the cellular and molecular impacts of renal transplantation on Ang II-induced vasoconstriction in the transplant recipient were extensively explored, and the results may provide potential candidates that may be targeted to prevent and ameliorate hypertension following transplantation.
Materials and methods
Experimental animals and treatment. Male Fisher rats (n=12) and Lewis rats (n=12) weighing 250-300 g were supplied by the Laboratory Animal Research Center of Harbin Medical University (Harbin, China). The rats were individually housed in plastic cages in an animal room under temperature-controlled conditions of 22-25˚C and humidity of 50-60% with a 12-h light/dark cycle and access to commercial pellets and water ad libitum. The rats were maintained under these standard conditions for ≥1 week prior to experimentation. The rats were randomly assigned into groups (n=12 for each group), and the following experiments and drug treatments were performed in a double-blind manner. The control group (Con) was subjected to a sham surgery. The renal transplantation (RT) group received the typical Fisher-Lewis rat renal transplantation surgery. Both surgeries are described in detail below. In the first 10 days following the renal transplantation surgery, all experimental rats were treated with cyclosporine by intraperitoneal injection (1.5 mg/kg/body weight) once every day. All procedures were approved by Harbin Medical University Animal Ethics Committee and conformed to the Guide for the Care and Use of Laboratory Animals (5th Edition, 2015).
Renal transplantation procedure. Following anesthesia with an intraperitoneal injection of 3% sodium pentobarbital (50 mg/kg) under sterile conditions, the kidneys and vessels of the rats were exposed through an abdominal midline incision. Microsurgery was performed simultaneously in the donor (Fisher) and recipient (Lewis) rats by two investigators. In the two rats, blood flow through the small branches of the abdominal aorta and vena cava was arrested by ligation using vessel clips. The left kidney of the donor rat, including the ureter, the renal artery and a short section of the aorta and the renal vein, was perfused with ice-cold electrolyte solution and immediately transferred to the recipient rat. The aorta and renal vein of the donor kidney, which was kept in gauze and superfused with ice cold electrolyte solution, were sutured to the aorta and vena cava end-to-side of the recipient rat. Following ligation of the distal end of the graft aorta, the vessel clips in the recipient rat were released. During this process, the graft experienced ≤40 min ischemia in total. The ureter of the donor kidney was inserted into the apex of the recipient bladder. Finally, following flushing of the abdominal cavity with isotonic saline, the abdomen was closed in layers. The right native kidney of the recipient rat was removed 10 days after the left kidney transplantation surgery. In the sham surgery, following an abdominal midline incision, the kidneys and vessels were exposed by pulling the mesentery out of the abdomen. All visible renal nerves were cut for renal denervation, and the renal artery and vein were dissected free from connective tissue and clamped for 40 min for warm ischemia. The mesentery was then put back into the abdominal cavity, and the abdomen was closed in layers.
Determination of blood biochemical indices. At 48 weeks after the transplantation surgery, the rats were anesthetized with 3% sodium pentobarbital (50 mg/kg) intraperitoneally and 2-ml blood samples were collected via the abdominal aorta into iced tubes containing lithium heparin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) as an anticoagulant. Arterial blood pH, plus the hematocrit (Hct), glucose (Glu) and lactate (Lac) concentrations, the sodium concentration ([Na + ]) and potassium concentration ([K + ]) of the blood were evaluated using a Nova eleven-electrode analyzer (Nova Biomedical, Waltham, MA, USA). The samples were centrifuged at 2,000 x g at 4˚C for 10 min to remove erythrocytes, leukocytes and platelets. The plasma was then extracted and its osmolality measured using an advanced diagnostic osmometer (Model MO; Advanced Instruments, Inc., Norwood, MA, USA).
Measurement of Ang II levels in plasma and blood vessels.
Blood samples were collected from the rats as described above, with the exception that the collection tubes were iced tubes containing ethylenediaminetetraacetic acid (EDTA) as the anticoagulant. The plasma was extracted by centrifugation at 2,000 x g at 4˚C for 10 min, and then aliquoted and frozen at -80˚C until required for testing. In addition, the aorta and mesenteric arteries were excised and placed in chilled plastic tubes containing EDTA-Na 2 , 8-hydroxyquinoline and dimercaptopropanol. The tissue samples were boiled in water at 100˚C for 10 min to provide a blood vessel tissue homogenate, which was then centrifuged at 2,200 x g at room temperature for 10 min. The supernatant was aliquoted and frozen at -80˚C until required. The levels of Ang II in the plasma and blood vessels were detected by routine radioimmunoassay, using commercially available kits (cat. no. HY-10058; Beijing Sino-UK Institute of Biological Technology, Beijing, China) with a sensitivity of 0.01 ng/ml, and intra-and inter-assay coefficients of variation of 10.5-12.0%. Vascular contractility of the aortas in the absence of endothelium was examined by allowing air bubbles blew into the vascular lumen at 10-sec intervals for a total duration of 5 min.
Arterial BP measurements in conscious rats. At 48 weeks after the transplantation surgery, the rats were intraperitoneally anesthetized with 3% sodium pentobarbital (50 mg/kg), and polyvinyl catheters were introduced into the femoral artery and femoral vein under sterile conditions for arterial BP recording and drug administration, respectively. Following the surgery, antibiotics were administered subcutaneously for 2 days. On the third day, the arterial BP of the conscious rats was measured continuously. Following the recording of baseline measurements for 60 min, Ang II (100 ng/kg body weight; Sigma-Aldrich; Merck KGaA) was intravenously administered via the implanted catheter in the femoral vein. The basal arterial BP was then continuously recorded for 60 min. A selective AT 1 R antagonist (losartan; 1 mg/kg, in 0.2 ml saline) and AT 2 R antagonist (PD-123319; 0.1 mg/kg, in 0.2 ml saline) (both Sigma-Aldrich; Merck KGaA) were respectively administered intravenously via the implanted catheter. The resting arterial BP was then continuously recorded for 60 min. Continuous recording and data acquisition of the arterial systolic BP (SBP), diastolic BP (DBP) and mean BP (MAP) was conducted using a PowerLab system and software (LabChart software version 6; ADInstruments, Bella Vista, Australia).
Aortic ring contractility. At 48 weeks after the transplantation surgery, the rats were intraperitoneally injected with 3% sodium pentobarbital (50 mg/kg). The thoracic aorta was then isolated and cut into 4-mm rings, which were mounted in tissue baths (10 ml) containing modified Krebs solution equilibrated with 95% O 2 and 5% CO 2 at 37˚C. Following a 60-min equilibration period, the rings were stretched to an optimal resting tension and then stimulated with increasing concentrations of Ang II (10 -11 -10 -5 mol/l) in one-half log increments. In addition, losartan (10 µmol/l) or PD-123319 (10 µmol/l) were used to pretreat the rings for 30 min prior to the addition of Ang II. The contractile tension was continuously recorded, with normalization by the maximum contraction elicited by 60 mmol/l KCl. As the repeated exposure of arterial segments to Ang II is considered to lead to tachyphylaxis (27) , each ring was only tested in one experiment and was not reused.
Contractions and intracellular Ca
2+ concentration of mesenteric arteries. At 48 weeks after the transplantation surgery, the rats were intraperitoneally injected with 3% sodium pentobarbital (50 mg/kg). The fourth-order mesenteric arterial branches were isolated under a microscope and cut into 3-mm segments. These segments were mounted in a Multi Myograph system (Danish Myo Technology A/S, Midtjylland, Denmark) containing modified Krebs solution equilibrated with 95% O 2 and 5% CO 2 at 37˚C. Following a 60-min equilibration period, the segments were stretched to the optimal resting tension, and then stimulated with increasing concentrations of Ang II (10 -11 -10 -5 mol/l) in one-half log increments. Losartan (10 µmol/l) and PD-123319 (10 µmol/l) were each used to pretreat the segments for 30 min prior to the addition of Ang II. The contractile tension was measured and recorded using a Power-Lab system with Chart 5 software (both from ADInstruments), which was normalized by the maximum contraction elicited by the stimulation of the 60 mmol/l KCl. Each arterial segment was only tested once.
The fourth-order mesenteric arterial branches were isolated under a microscope and cut into 3-mm segments. These segments were mounted and pressurized in an organ chamber (Living Systems Instrumentation, Burlington, VT, USA) in a darkened room. The intracellular Ca Western blot analysis. At 48 weeks after the transplantation surgery, protein samples were routinely extracted from the aortic and mesenteric arteries, which were routinely homogenized in NP-40 lysis buffer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with freshly added protease inhibitors using sonication. Samples with an equal protein content (80 µg/ lane) were subjected to electrophoresis using a 0.1% sodium dodecylsulfate (SDS) and 10% polyacrylamide separating gel with 4% polyacrylamide stacking gel. The proteins were then transferred to an Immobilon P polyvinyldifluoride membrane (EMD Millipore, Billerica, MA, USA). The membrane was blocked with Tris-buffered phosphate-buffered saline (PBS) containing 5% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA) plus 0.1% v/v Tween-20 with gentle shaking for 1 h at room temperature prior to incubation with primary antibodies overnight at 4˚C. The antibodies were rabbit polyclonal antibodies directed against AT 1 R (sc-1173; 1:500), AT 2 R (sc-9040; 1:1,000), cyclic AMP-responsive element-binding protein 1 (CREB-1; sc-58; 1:500), estrogen receptor (ER)-α (sc-544; 1:500) and ER-β (sc-8974; 1:500) (all from Santa Cruz Biotechnology, Inc., Dallas, TX, USA), respectively. The membranes were washed three times for 10 min in a solution of TBS and Tween-20, and then incubated at room temperature for 10 min with a horseradish peroxidaseconjugated goat anti-rabbit secondary antibody (1:5,000; A0545; Sigma-Aldrich; Merck KGaA). The proteins were visualized using an ECL reagent (Amersham; GE Healthcare Life Sciences, Little Chalfont, UK) with exposure to an X-ray film. The β-actin protein (sc-47778, 1:1,000) was blotted in the same membrane as internal control for the normalization of band density. Results were quantified and analyzed using a Kodak electrophoresis documentation & analysis system, and 1D image analysis software version 2.0 (Kodak, Rochester, NY, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
At 48 weeks after the transplantation surgery, total tissue RNA was routinely isolated from the aortic and mesenteric arteries, by homogenization with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), followed by addition of chloroform. After the homogenate was separated by centrifugation at 12,000 x g for 10 min at 4˚C, RNA was precipitated from the upper aqueous layer with isopropanol from the tissues. First strand cDNA synthesis was then performed using MMLV-RT reverse transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA synthesis reaction was performed under 50-70˚C for 30 min and then heating at 90˚C for 5 min. qPCR analysis was then used to evaluate the gene expression of AT 1a R, AT 2 R, CREB-1, ER-α and ER-β. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal reference and serial dilutions of the positive control were performed on each plate to create a standard curve. The primer sequences were as follows: AT 1a R forward, 5'-GCA GCC TCT GAC TAA ATG GC-3' and reverse, 5'-TCC ATC CAG CTC CTG ACT CT-3'; AT 2 R forward, 5' CGG TGG CTT GCC GTT TCTT-3' and reverse, 5'-GAC TCA TTG GTG CCA GTT GC-3'; CREB-1-1 forward, 5' ACT CAG CCG GGT ACT ACC AT-3' and reverse, 5'-ACT CAG CCG GGT ACT ACC AT-3'; ER-α forward, 5' GCC ACT CGA TCA TTC GAG CA-3' and reverse, 5'-CAC CCT GCT GGT TCA AAA GC-3'; ER-β forward, 5' CTG GAC AGG GAT GAG GGG AA-3' and reverse, 5'-CGA AGC GTG TGA GCA TTC AG-3'; GAPDH forward, 5'
GGT GGT CTC CAC GGA CTT TA-3' and reverse, 5'-CAA GGA GGG GCC TTT ATT TC-3' . qPCR was performed in a Bio-Rad iCycler iQ Real-Time PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with a 25-µl reaction system in a 96-well plate (One-Step SYBR ® PrimeScript™ RT-PCR kit II; cat. no. RR086A; Takara Bio, Inc., Shiga, Japan). The thermocycling conditions were as follows: 42˚C for 30 min, 95˚C for 15 min, followed by 40 cycles of 95˚C for 20 sec, 56˚C for 1 min and 72˚C for 20 sec. The target gene quantity was normalized to the reference GAPDH to obtain the relative quantification cycle (ΔCq). The 2 -ΔΔCq method (28) was then used to determine the relative target gene expression for each group.
Methylation-specific qPCR (MS-qPCR)
. DNA methylation of CpG sites at the promoter region of the rat vascular AT 1a R gene was evaluated using MS-qPCR. At 48 weeks after the transplantation surgery, genomic DNA was isolated from the aortic or mesenteric arteries using an GenElute Mammalian Genomic DNA Miniprep kit (Sigma-Aldrich; Merck KGaA), and purified with a Wizard DNA clean up system (Promega Corporation, Madison, WI, USA). This involves treatment with sodium bisulfite, which converts cytosine residues to uracil residues but leaves the methylated cytosines at CpG unchanged. Following denaturation of the DNA with 2 M NaOH at 42˚C for 15 min, the DNA was treated with sodium bisulfite at 55˚C for 16 h and then used as the template for MS-qPCR. Specific primers were designed (CpG site-809 forward, 5'-AGGGTTGGAATTTGTAGAGTAGC-3' and reverse, 5'-GAATAAAACAAAACTCAAACCACG-3'; CpG site-725 forward, 5'-GAGGGTTGGAATTTGTAGAGTAGC-3' and reverse, 5'-GAATAAAACAAAACTCAAACCACG-3'; CpG site-484 forward, 5'-GGTTGGAATTTGTAGA GTAGCGA-3' and reverse, 5'-GAATAAAACAAAACTCA AACCACG-3'; CpG site-150 forward, 5'-GAGGGTTGGAA TTTGTAGAGTAGC-3' and reverse, 5'-CCCCGATAAT CGATAATCGA-3'; and CpG site-96 forward, 5'-TGAGGGT TGGAATTTGTAGAGTAGT-3' and reverse, 5'-CCACCCC AATAATCAATAATCAA-3') to amplify the target regions with un-methylated CpG via the detection of uracils and those with methylated CpG via the detection of cytosines, using GADPH as an internal reference. MS-qPCR was conducted using an iCycler Real-Time PCR system. Data are presented as the percentage methylation of the target region as follows: Methylation (%) = methylated CpG/(methylated CpG + un-methylated CpG) x100.
Chromatin immunoprecipitation assay (ChIP).
At 48 weeks after the transplantation surgery, ChIP of the aortic and mesenteric arteries was conducted using a ChIP-IT ® kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer's protocol. This involved setting up the immunoprecipitation reaction with sonicated chromatin and sequentially adding CHIP buffer and protease inhibitor cocktail to the 1.5-ml microcentrifuge tube (≥200 ng chromatin per CHIP reaction). Rabbit monoclonal anti-CREB-1-1 (ab-31387; 1:500), anti-ER-α (ab-32063; 1:200) and anti-ER-β (ab-3577; 1:500) (all from Abcam, Cambridge, MA, USA) were added and the reaction mixture was incubated overnight at 4˚C. The next day, following extensive blocking in 0.5% BSA, protein G agarose beads were added to the mixture and incubated for 3 h. Following washing and the reversal of cross-links, DNA was recovered and purified. Finally, the SYBR-Green quantitative PCR was performed. Data are presented as the percentage of input.
Statistical analysis. All data are expressed as the mean ± standard deviation. BP and vascular contractility data were analyzed using repeated-measures analysis of variance (ANOVA) with Tukey's post hoc tests. For analysis of the differences of mRNA levels between groups, statistical significance was accepted (P<0.05) when the ratio of 2 -ΔΔCq was >1.7. One-way ANOVA was used for other data to evaluate the differences among groups. P<0.05 was considered to indicate a statistically significant result. SPSS statistical software (version 18; SPSS, Inc., Chicago, IL, USA) was used to conduct the statistical analyses.
Results
Blood biochemical indices. At 48 weeks after the transplantation surgery, no significant differences in blood biochemical indices, including pH, pCO 2 , pO 2 , sO 2 %, Hct, the concentrations of Glu and Lac, [Na
and plasma osmolality were detected between the RT and control groups using the Nova eleven-electrode analyzer (Nova Biomedical) ( Table I) .
Concentrations of Ang II in plasma and blood vessels. At 48 weeks after the transplantation surgery, the plasma concentration of Ang II in the RT group was significantly lower compared with that in the control group (P<0.05; Fig. 1A ). However, in the aorta and mesenteric artery tissues, the concentrations of Ang II were significantly higher in RT group compared with the control group (P<0.05; Fig. 1B and C) .
Basal BP and Ang II-induced BP response. At 48 weeks after the transplantation surgery, the basal arterial SBP, DBP and MAP exhibited no significant difference between the RT and control groups for rats in the conscious state ( Fig. 2A) . Following the intravenous administration of Ang II, the time-dependent arterial BP response was in the range of several min. The Ang II-induced arterial SBP, DBP and MAP values in the RT group were significantly increased compared with those in the control group (P<0.05; Fig. 2A ).
Following pretreatment with the selective AT 1 R antagonist losartan, the time-dependent elevation of arterial SBP, DBP and MAP induced by Ang II was largely diminished and exhibited no significant difference between the RT and control groups (Fig. 2B) . However, following pretreatment with the selective AT 2 R antagonist PD-123319, the time-dependent elevation of arterial SBP, DBP and MAP induced by Ang II was not significantly changed in the RT and control groups (Fig. 2C) .
Ang II-induced contraction of the aorta. At 48 weeks after the transplantation surgery, the aortal contractions induced by -5 mol/l) were measured (Fig. 3) . The contractions of the RT group were significantly increased in tension compared with those of the control (P<0.05; Fig. 3A) . In addition, following pretreatment with losartan, the Ang II-induced aortal contractions in the RT and control groups were almost completely eradicated (Fig. 3A) . However, pretreatment with PD-123319 did not significantly affect the Ang II-induced aortal contractions in the RT and control groups (Fig. 3C) .
Vascular contractility of the aortas in the absence of endothelium was examined to determine the effects of the endothelium in vasodilation. Without endothelium, the Ang II-induced aortal vasoconstrictions in the RT and control groups were significantly increased compared with those in the endothelium-intact aortas (P<0.05; Fig. 3B ). However, Ang II-induced aortal vasoconstrictions in the RT and control groups were almost completely abolished by losartan, but hardly altered by PD-123319 in the absence of endothelium ( Fig. 3B and D) .
Ang II-induced contractions and [Ca

2+
] i in small mesenteric arteries. At 48 weeks after transplantation surgery, the contractions of the mesenteric arteries induced by Ang II (10 -11 -10 -5 mol/l) were measured (Fig. 4) . The Ang II-induced contractions of the mesenteric arteries of the RT group were significantly increased in tension compared with those of the control (P<0.05; Fig. 4A ). In addition, following pretreatment with losartan, the Ang II-induced contractions in the mesenteric arteries of the RT and control groups were eliminated (Fig. 4A) . However, pretreatment with PD-123319 did not have a significant effect on the Ang II-induced contractions in the mesenteric arteries of the RT and control groups (Fig. 4C) .
The vasoconstriction of the mesenteric arteries in the absence of endothelium was examined to further analyze the effects of the endothelium in vasodilation. When the endothelium was absent, the Ang II-induced vasoconstriction of the mesenteric arteries was significantly increased in the RT and control groups compared with the endothelium-intact arteries (P<0.05; Fig. 4B ). However, as in the presence of endothelium, in the absence of endothelium, the Ang II-induced vascular contractility of the mesenteric arteries in the RT and control groups was largely eradicated by losartan, but not markedly changed by PD-123319 (Fig. 4B and D) . i increases in these arteries were significantly enhanced in the RT group compared with the control group (P<0.05; Fig. 5A ). In addition, following pretreatment with losartan, the Ang II-induced vascular constriction and increase in [Ca 2+ ] i in the RT and control groups were almost completely eradicated (Fig. 5B) . However, pretreatment with PD-123319 did not significantly alter the Ang II-induced vascular constriction and [Ca 2+ ] i increase in the RT and control groups (Fig. 5C) .
Expression of AT 1a R and AT 2 R mRNA in blood vessels. To investigation whether there was an association between the Ang II-induced cardiovascular responses and changes in AT 1 R and AT 2 R, the expression of these receptors in the aorta and mesenteric arteries at the genetic level was detected using RT-qPCR. In rodents, two subtypes of the AT 1 R gene have been identified, namely AT 1a R and AT 1b R, the former of which is the major subtype localized in blood vessels (29) . At 48 weeks after the transplantation surgery, the expression levels of AT 1a R mRNA in the aorta and mesenteric arteries of the RT group were significantly increased compared with those in the control group (P<0.05; Fig. 6A ). However, the mRNA expression levels of AT 2 R in the aorta and mesenteric arteries exhibited no significant difference between the RT and control groups (Fig. 6B) .
Protein levels of AT 1 R and AT 2 R in blood vessels. The polypeptides expressed by the AT 1a R and AT 1b R genes cannot be distinguished at the protein level. Western blot analysis was used to evaluate the protein expression of AT 1 R and AT 2 R in the blood vessels. At 48 weeks after transplantation surgery, the protein levels of AT 1 R in the aorta and mesenteric arteries of the RT group were significantly increased compared with that in the control group (P<0.05; Fig. 7A ). However, no significant difference in the AT 2 R protein levels of the aorta and mesenteric arteries were detected between the RT and control groups (Fig. 7B) .
DNA methylation of CpG loci in the AT 1a R gene promoter region in blood vessels.
To evaluate the effects of DNA methylation patterns on the transcriptional activity of the AT 1a R gene, five sequence-specific transcription factor binding sites containing CpG loci were identified in the promoter region of the AT 1a R gene sequence from the rodent gene bank. The CpG sites at loci -809, -725, -484, -150 and -96 upstream of the transcription start site of the AT 1a R gene correspond to the transcription factor binding sites of erythroid transcription factor (GATA-1), specificity protein 1 (Sp-1), ER-α/β, CREB-1 and Sp-1, respectively. At 48 weeks after the transplantation surgery, MS-qPCR analysis of the aorta and mesenteric arteries was conducted. The results indicated that the DNA methylation levels of CpG loci at the ER-α/β (-484) and CREB-1 (-150) transcription factor binding sites in the AT 1a R gene promoter region were significantly decreased in the RT group compared with the control group (P<0.05; Fig. 8 ). However, the DNA methylation status of the CpG loci at the GATA-1 (-809) and Sp-1 (-725 and -96) transcription factor binding sites of the AT 1a R gene promoter region exhibited no significant difference between the RT and control groups (Fig. 8) .
Binding capacity of CREB-1 and ER-α/β to the AT 1a R gene promoter region in blood vessels.
To evaluate the functions of CREB-1 and ER-α/β in the control of the transcriptional activity of the AT 1a R gene, the binding affinities of CREB-1 and ER-α/β for the specific sequences in the promoter region of the AT 1a R gene were determined by ChIP assays of the blood vessels 48 weeks after transplantation. The results demonstrated that in the aorta and mesenteric arteries of the RT group, the binding affinities of CREB-1 for the AT 1a R gene promoter were significantly increased compared with those in the control group (P<0.05; Fig. 9A ). However, the binding affinities of ER-α and ER-β for the AT 1a R gene promoter in the aorta and mesenteric arteries were significantly decreased in the RT group compared with the control (P<0.05; Fig. 9B and C) .
mRNA expression and protein levels of CREB-1 and ER-α/β in blood vessels.
To assess the association of transcription factor levels with AT 1a R gene expression, CREB-1, ER-α and ER-β mRNA and protein levels were evaluated in the blood vessels of the rats at 48 weeks after the transplantation surgery. The results of RT-qPCR and western blotting demonstrated that the mRNA and protein levels of CREB-1, ER-α and ER-β in the aorta and mesenteric arteries did not differ significantly between the RT and control groups (Figs. 10 and 11 ).
Discussion
Elevated BP is one of the most common and serious complications following renal transplantation (30) . In addition, epidemiological evidence suggests that the development of hypertension is an essential risk factor for morbidity and mortality following renal transplantation, and is also a prominent predictor for impaired graft survival independent of rejection episodes and transplant functions (5). According to current clinical recommendations, BP must be routinely measured during every outpatient visit following surgery (31) . Although it is widely considered that the RAS serves definitive roles in the pathogenesis of primary hypertension, the cellular and molecular mechanisms underlying the progression of hypertension in response to the abnormal activation of RAS following renal transplantation have not been fully elucidated (32) . Ang II-induced vascular contractility is indicated to be altered following renal transplantation (15) . Accordingly, it is hypothesized that the altered expression of cardiovascular-responsive RAS-associated genes such as AT 1 R and AT 2 R in blood vessels influences the BP response to Ang II and increases the risk of hypertension following renal transplantation. In the present study, using the Fisher-Lewis rat renal transplantation model, a number of novel findings were observed for the recipient rat following renal transplantation: i) Ang II-induced BP response was prominently increased; ii) AT 1 R-mediated vasoconstriction was increased in association with increased [Ca 2+ ] i ; and iii) the mRNA and protein expression levels of vascular AT 1 R but not those of AT 2 R, were significantly increased and were associated with epigenetic mechanisms such as DNA methylation.
In the classic RAS system, Ang II is enzymatically generated in the circulation from angiotensinogen, which is produced and secreted by the liver (33) . In general, Ang II mediates the majority of its effects via binding to AT 1 R and AT 2 R (12). These receptors are widely distributed in almost all organs and tissues (10) . The regulation of cardiovascular homeostasis by Ang II is extensively controlled by the reactivity of AT 1 R and AT 2 R in the blood vessels, heart, kidney and brain (11) . In particular, the Figure 8 . DNA methylation of CpG loci in the AT 1a R gene promoter in blood vessels at 48 weeks after transplantation surgery. In the (A) aorta and (B) MA, the levels of CpG methylation at ER-α/β (site -484) and CREB-1 (site -150) transcription factor binding sites in the promoter region of the AT 1a R gene were significantly decreased in the RT group compared with the control; however, the levels of CpG methylation at the -809, -725 and -96 sites in the promoter region of the AT 1a R gene exhibited no significant difference between the RT and control groups. Values are presented as the mean ± standard deviation (n=6 per group), * P<0.05 vs. control. AT 1a R, angiotensin II receptor type 1a; MA, mesenteric arteries; ER-α/β, estrogen receptor-α/β; CREB-1, cyclic AMP-responsive element-binding protein 1; RT, renal transplantation; Con, control. Figure 9 . Binding capacity of CREB-1 and ER-α/β to the AT 1a R gene promoter in blood vessels at 48 weeks after transplantation surgery. (A) The binding affinities of CREB-1 to the cAMP response element sequence in the AT 1a R gene promoter of the aorta and MA the RT group were significantly increased compared with those of the control. The binding affinities of (B) ER-α and (C) ER-β to the ER binding sequence in the AT 1a R gene promoter of the aorta and MA in the RT group were significantly decreased compared with those in the control group. Values are presented as the mean ± standard deviation (n=6 per group). * P<0.05 vs. control. AT 1a R, angiotensin II receptor type 1a; MA, mesenteric arteries; ER-α/β, estrogen receptor-α/β; CREB-1, cyclic AMP-responsive element-binding protein 1; RT, renal transplantation; Con, control.
Ang II-induced regulation of BP is largely mediated via AT 1 R and AT 2 R activation in blood vessels (10) . In physiological conditions, by interacting with AT 1 R in the smooth muscle, Ang II is able to elicit the contraction of large and small-resistance blood vessels to maintain the vascular tone (12) . However, in the pathogenesis of primary hypertension, by binding to either AT 1 R or AT 2 R, Ang II may exert detrimental effects on vascular components, including smooth muscle cells, endothelial cells and fibroblasts, which may increase vasoconstriction and induce remodeling of the vascular structure (34) . In the present study, the results revealed that the time-dependent elevation of arterial BP (SBP and DBP) induced by Ang II in the conscious state was significantly increased in the RT group compared with the control group (Fig. 2) . However, the basal arterial BP (SBP and DBP) exhibited no significant difference between the RT and control groups (Fig. 2) . This indicates that a recipient would be more susceptible to the elevation of BP in response to Ang II following renal transplantation. Furthermore, following pretreatment with the selective AT 1 R antagonist losartan, the time-dependent elevation of arterial BP (SBP and DBP) induced by Ang II was largely attenuated, and exhibited no significant difference between the RT and control groups (Fig. 2) . However, following pretreatment with the selective AT 2 R antagonist PD-123319, the time-dependent elevation of arterial BP (SBP Figure 11 . Protein expression levels of CREB-1 and ER-α/β in blood vessels at 48 weeks after transplantation surgery. Protein expression levels of (A) CREB-1, (B) ER-α and (C) ER-β in the aorta and MA exhibited no significant differences between the RT and control groups. Values are presented as the mean ± standard deviation (n=6 per group). MA, mesenteric arteries; ER-α/β, estrogen receptor-α/β; CREB-1, cyclic AMP-responsive elementbinding protein 1; RT, renal transplantation; Con, control. Figure 10 . mRNA expression levels of CREB-1 and ER-α/β in blood vessels at 48 weeks after transplantation surgery. mRNA expression levels of (A) CREB-1, (B) ER-α and (C) ER-β in the aorta and MA exhibited no significant differences between the RT and control groups. Values are presented as the mean ± standard deviation (n=6 per group). MA, mesenteric arteries; ER-α/β, estrogen receptor-α/β; CREB-1, cyclic AMP-responsive elementbinding protein 1; RT, renal transplantation; Con, control. and DBP) induced by Ang II was not markedly changed in the RT and control groups (Fig. 2) . Thus, it is suggested that the enhanced Ang II-induced BP elevation detected in the recipient following renal transplantation is, at least in part, mediated by the increased cardiovascular response activated by AT 1 R.
The local vascular RAS is critical in the regulation of vascular contractility and control of the arterial BP (10) . From the morphological and physiological perspectives, arteries may be roughly categorized into large and small-resistance blood vessels, such as the aorta and mesenteric arteries, respectively (35) . Clinical study indicates that, in the development and progression of hypertension, the increased vasoconstriction of the aorta and other large blood vessels should be tightly associated with abnormal increases in SBP; whereas, the abnormal reactivity of small-resistance blood vessels such as the mesenteric arteries should be largely correlated with an abnormal increase in DBP (36) . In the present study, using aortic rings and mesenteric artery segments in vitro as large and small-resistance blood vessels, respectively, it was demonstrated that the Ang II-induced vascular contractility of large and small-resistance blood vessels was significantly increased in the RT group compared with the control group (Figs. 3 and 4) . This result may, at least in part, explain why the arterial BP (SBP and DBP) elevation induced by Ang II was increased in the recipient following renal transplantation (Fig. 2) . Furthermore, the selective AT 1 R antagonist (losartan) almost completely eradicated the Ang II-induced vasoconstriction of the aorta and mesenteric arteries, whereas the selective AT 2 R antagonist (PD-123319) had a minimal effect in the RT and control groups (Figs. 3 and 4) . This may explain why the Ang II-induced arterial BP elevation in vivo was inhibited by losartan but not PD-123319 in the recipient following renal transplantation (Fig. 2) . Accordingly, these results suggest that the increased BP elevation induced by Ang II in the recipient following renal transplantation is partly due to increased AT 1 R-mediated vasoconstriction in large and small-resistance blood vessels.
Contraction and dilation of the vasculature are largely controlled by vascular smooth muscle cells and endothelial cells (37) . Studies have revealed that the enhancement of endothelium-derived vasodilation may serve an important compensatory/protective role in preventing and ameliorating the development of hypertension (38) . In the present study, to clearly observe the contraction of vascular smooth muscle, the Ang II-mediated vasoconstriction of the aorta and mesenteric arteries in the absence of endothelium was evaluated. In comparison with endothelium-intact vessels, Ang II-induced vasoconstriction in the aorta and mesenteric arteries was significantly increased in the absence of endothelium in the RT and control groups (Figs. 3 and 4) . Additionally, in the absence of endothelium, Ang II-induced vasoconstriction in the aorta and mesenteric arteries was significantly increased in the RT group compared with the control (Figs. 3 and 4) . Furthermore, without endothelium, as in the presence of endothelium, the Ang II-induced vasoconstriction was almost completely eradicated by losartan, but hardly altered by PD-123319 in the RT and control groups (Figs. 3 and 4) . These results indicate the following transplantation, the AT 1 R-mediated contraction of vascular smooth muscle is markedly increased in the large and small-resistance blood vessels of the recipient. Furthermore, the protective effects of endothelium-derived vasodilation may not be impaired but could have lost the ability to compensate for the over-activated vasoconstriction induced by Ang II following renal transplantation.
At the cellular and subcellular levels, the contraction of vascular smooth muscle mediated by AT 1 R activation involves complex downstream signaling (11) . The increase of [Ca 2+ ] i is generally considered to serve as the fundamental determinant for vasoconstriction (39) . In particular, following the interaction between Ang II and AT 1 R, inositol trisphosphate (IP3) is generated from phosphatidylinositol-4,5-bisphosphate hydrolyzing when activated by phospholipase C. IP3 then stimulates the sarcoplasmic reticulum to mobilize intracellular Ca 2+ , leading to an increase in [Ca 2+ ] i (40) . The production of diacylglycerol (DAG) is increased and protein kinase C is activated, which further promotes Ca 2+ influx via certain ion channels (41 ] i were simultaneously increased in the mesenteric arteries in the RT group compared with the control (Fig. 5) . Furthermore, the Ang II-induced increase in [Ca 2+ ] i was almost completely eliminated by losartan, but hardly altered by PD-123319 in the RT and control groups (Fig. 5) . This suggests that the increased AT 1 R-mediated vasoconstriction observed in the mesenteric arteries was closely associated with enhanced [Ca 2+ ] i -dependent signaling in the vascular smooth muscle of the recipient following renal transplantation. However, it should be noted that, in addition to the aforementioned Ca 2+ -dependent mechanism, the inactivation of myosin light chain phosphatase and decreased dephosphorylation of MLC 20 may in turn increase the sensitivity of Ca 2+ at a fixed level of [Ca 2+ ] i to activate the contraction of vascular smooth muscle cells induced by Ang II (42) . This Ca 2+ -independent mechanism is beyond the scope of the present study and requires investigation in future studies.
The RAS may be anatomically and functionally categorized into the systemic and local RAS, in the circulation and tissues, respectively (10) . Furthermore, the abnormal activation of the local RAS may be predominant in the pathogenesis of hypertension (11) . In the present study, the levels of Ang II in the RT group were significantly higher than those in the control group in both the aorta and mesenteric arteries (Fig. 1) . These results, together with the aforementioned increased Ang II-induced vasoconstriction observed in vitro, suggest that the local vascular RAS was prominently over-activated in the recipient following renal transplantation. However, with regard to the circulation, the plasma concentration of Ang II in the RT group was significantly lower than that in the control (Fig. 1) , which indicates that the systemic RAS was inhibited in the recipient following renal transplantation. Previous clinical and experimental studies have found that, in the early phase of hypertension, overactivation of the local RAS may provide negative feedback signals causing inhibition of the systemic RAS (43, 44) . Thus, it is suggested in the recipient after renal transplantation, the inhibited systemic RAS serves a compensatory function that ameliorates the detrimental BP elevation induced by the abnormal activation of the local vascular RAS.
This may explain why the basal BP was not observed to be elevated in the recipient following renal transplantation (Fig. 2) . Typically, the production Ang II in the circulation and vascular tissue involves numerous enzymes, including renin and angiotensin-converting enzymes (45) . Whether and to what extent these enzymes and functional products are affected by transplantation was beyond the scope of the present study and requires elucidation in the future.
Some uncertainty remains regarding the cellular and molecular mechanisms underlying the increased Ang II-induced vasoconstriction. There are at least two possible reasons for the changes of Ang II-induced contraction in vascular smooth muscle: i) AT 1 R and AT 2 R expression levels were changed; ii) the sensitivity and/or effects of the downstream signaling of AT 1 R and AT 2 R were altered in the vascular smooth muscle cells. In the present study, only the analysis of AT 1 R and AT 2 R expression levels in the blood vessels was conducted. The mRNA and protein expression levels of AT 1 R in the aorta and mesenteric arteries were significantly increased in the RT group compared with the control (Figs. 6 and 7) , while those of AT 2 R exhibited no significant difference between the RT and control groups (Figs. 6 and 7), indicating that the effects of renal transplantation on vascular RAS are gene-specific. In rodents, there are two subtypes of the AT 1 R gene, AT 1a R and AT 1b R, which are located on different chromosomes (46) . AT 1b R is mainly localized in the brain, for example, in the pituitary and adrenal glands, whereas AT 1a R is widely dispersed in other organs and tissues, such as blood vessels (47) . Thus, it is proposed that the elevated vascular levels of the AT 1 R gene in the recipient following renal transplantation was partly attributable to the increased transcriptional activity of the AT 1a R gene in large and small-resistance blood vessels. Notably, changes of the transcriptional level of AT 1 R gene have been indicated to be epigenetically affected in the pathogenesis of hypertension, which may involve DNA methylation, post-translational histone modifications and non-coding RNAs (47) . In particular, DNA methylation, occurring at the cytosine residues in CpG dinucleotide sequences, may alter the chromatin structure and the long-term transcriptional activity of the altered genes (48) . Typically, the methylation modification of just one CpG dinucleotide can change the expression of the associated gene through affecting the binding affinity of certain transcription factors (49) . Several CpG sites have been discovered in the sequence-specific transcription factor binding sequences in the AT 1a R gene promoter region of rodents, including -809, -725, -484, -150 and -96 CpG loci (50) . In the present study, MS-qPCR demonstrated that the DNA methylation levels of CpG sites in the -484 and -150 loci were significantly decreased in the aorta and mesenteric arteries of the RT group compared with the control (Fig. 8) . Since the CpG loci of -484 and -150 correspond to ER and CREB transcription factor binding sequences, respectively, in the promoter region of the AT 1a R gene, it is speculated that renal transplantation selectively decreased site-specific DNA methylation at the ER-and CREB-binding sequences and thereby alters the transcriptional efficacy of the vascular AT 1a R gene in the recipient.
To investigate the effects of ER and CREB in the regulation of AT 1a R gene transcriptional activity, ChIP assays were conducted to detect the interactions of ER-α/β and CREB-1 with the respective gene-specific transcription factor binding sequences on promoter loci of the AT 1a R gene in the intact chromatin. The binding affinity of CREB-1 to the cAMP response element in the promoter region of the vascular AT 1a R gene was observed to be significantly increased in the aorta and mesenteric arteries of the RT group compared with the control (Fig. 9) . Additionally, the expression of vascular CREB-1 (mRNA and protein) exhibited no significant difference between the RT and control groups (Figs. 10 and 11 ). CREB-1 is known to be an essential gene-specific factor for upregulating AT 1a R gene transcription (51) . It may be speculated that, due to the decreased DNA methylation level of the -150 CpG site, the binding capacity of CREB-1 to the vascular AT 1a R gene promoter may be markedly increased, leading to an increase in the transcriptional activity of the AT 1a R gene in the vasculature of the recipient following renal transplantation. Furthermore, the binding affinity of ER-α/β to the specific sequence in the promoter region of the AT 1a R gene was significantly decreased in the aorta and mesenteric arteries of the RT group compared with the control (Fig. 9 ). In addition, the expression of vascular ER-α/β (mRNA and protein) exhibited no significant difference between the RT and control groups (Figs. 10 and 11 ). Previous studies have demonstrated that estrogen directly binds with ER to downregulate the transcriptional activity of the AT 1a R gene in the vasculature, which prevents BP elevation in the pathogenesis of hypertension (52) . It may be suggested that, due to the decreased DNA methylation level of the -484 CpG site, the binding capacity of ER to the promoter region of vascular AT 1a R gene was markedly inhibited, so as to further increase the transcriptional activity of the vascular AT 1a R gene in the recipient following renal transplantation. Clinical evidence confirms that estrogen exerts substantially protective roles that prevent the development of hypertension (53) (54) (55) . The beneficial effects of estrogen in the reduction of vascular AT 1a R gene expression may be impaired by DNA demethylation in the recipient following renal transplantation. However, why DNA demethylation at the -484 and -150 sites differentially affected the binding capacity of ER and CREB-1 to the promoter of the AT 1a R gene is unknown and requires investigation.
In conclusion, the present study demonstrated that renal transplantation may cause Ang II-induced elevations of the BP to increase and abnormally activate the local vascular RAS, leading to the augmentation of AT 1 R-mediated vasoconstriction associated with altered DNA methylation of the AT 1a R gene in large and small-resistance blood vessels in the recipient. These results tentatively suggest that the susceptibility to hypertension is increased in the recipient following renal transplantation. Furthermore, epigenetic modifications such as DNA methylation of vascular AT 1a R gene may be potential targets for preventing and treating hypertension.
